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1. Introduction
The LHC is here. Its arrival offers the opportunity to verify supersymmetry and any
signatures of a gauge unifying “parent” of the standard model. “ISS” type direct gauge
mediation of supersymmetry breaking, in a dynamically SUSY broken, metastable vacuum
(MSB), is an approach to this. It is succinct, perturbative and calculable [1]. Schematically,
supersymmetry is broken in a hidden sector and the hidden sector dynamics generate
messenger fields when a global symmetry is weakly gauged and associated with the visible
standard model. These messengers bring about the MSSM soft terms by running in one
and two loop diagrams. The power of applying Seiberg duality in the hidden sector is
that the model is perturbative in either the electric or, its dual, magnetic description. In
particular one can have a UV free electric description and an IR free effective description
in which supersymmetry breaking can be explored perturbatively. The supersymmetry
breaking vacuum need only be metastable, allowing for R-symmetry to be broken and
gaugino masses to be generated.
The hidden sector is a SUSY QCD Seiberg dual model. These have been found for
SU(N), SO(N) and Sp(N) gauge groups. Initially SU(N) models were explored in which
the messengers from the hidden to visible sector are in standard model representations
[2, 3, 4]. Later, models in which the messengers formed complete representations of a SU(5)
were implemented [5]. This paper extends the “Dictionary” of possible MSB models by
implementing an SO(N) model in which the messengers are in complete representations
of SO(10).
SO(10) is a grand unified theory (GUT) that can be broken to SU(5) or “left-right
symmetric” (SUSYLR) models, both of which have a low energy standard model limit.
SUSYLR has distinctive and predictive signatures; it can generate neutrino masses in a
natural way and reinstate left right symmetry of the leptonic sector at a suitable energy.
In this paper we identify part of the hidden sector flavour symmetry with SO(10), thereby
making the hidden sector dynamics compatible with visible sector GUT models based on
SO(10).
In section 2 we review the macroscopic model and the choice of embeddings of SO(10)
into a weakly gauged flavour group. We examine the field content and identify the messen-
ger fields which will generate soft terms for the MSSM. In section 3 we look at how various
messengers will affect gaugino masses and use this to guide our analysis of the deformations
of the ISS model. Section 4 introduces some minimal R-symmetry breaking deformations
and explore the outcomes of these deformations of the vacuum of the theory. Section 5 uses
these deformations and a “KOO” [2] deformation and calculates the contributions to the
messenger and gaugino masses. Section 6 explores the non-perturbative potential for the
ISS model and determines the lifetime of the SUSY broken vacuum. Section 7 explores the
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particle content of the messenger fields in terms of the standard model gauge group and
1-loop beta function contributions are explored. In section 8 we extend the deformation
types of section 5 by adding multitrace deformations to the ISS model. We then explore
how these models behave when the rank of SUSY breaking magnetic quark matrices are
reduced. Section 9 discusses a possible extension of ISS models with dual pairs. In section
10 we conclude. Appendix A reviews some aspects of computing soft terms by the meth-
ods of “General Gauge Mediation” [6] in the SO(10) case and Appendix B, as an aside,
explores the viability of a non-ISS minimum of the KOO model.
2. Seiberg dual pictures for SO(N) SQCD
Seiberg duality is an electromagnetic duality at an interacting fixed point in which by in-
terchanging electrically charged variables with “magnetic” fundamental variables, one may
interchange different unphysical gauge groups and their strong/weak coupling, preserving
the physical global symmetries in both pictures. This section will outline both sides of
the duality. In particular we will choose the weakly coupled side of the duality to explore
supersymmetry breaking. This section closely reviews [1] and sets our notation.
2.1 Microscopic theory
We describe the electric side of the duality in which one has a UV free electric description
when Nf <
3
2(Nc− 2). We map this description to a magnetic description which is weakly
coupled in the IR. The field content of the electric picture is a complex chiral superfield
Field SO(Nc) SU(Nf ) U(1)R
Q
Nf−Nc+2
Nf
There is also a discrete symmetry associated with Q:
Q→ e
2pii
2Nf Q Nc 6= 3, Q→ e
2pii
4Nf Q Nc = 3. (2.1)
For massless quarks we have W = 0. At the non-trivial IR fixed point the duality is exact.
It is insightful to note that at the scale invariant fixed point we do not have a well defined
particle interpretation, for instance of the gauge bosons of the two dual gauge groups, and
the duality between different gauge groups is exact. Introducing an electric quark mass
term to the superpotential
W = mTr[Q.Q] = mTrM (2.2)
the duality becomes effective. W = mTr[Q.Q] introduces a scale and the particle states
are well defined: the two theories have a different number of gauge bosons and the duality
between the two gauge groups is an effective one [7].
2.2 Macroscopic theory
In this section we review the process of supersymmetry breaking for the SO(N) macroscopic
(magnetic) theory with N = Nf −Nc + 4, which is IR free when Nf > 3(N − 2). This is
– 3 –
the effective description of an electric theory (microscopic), at energies below the strong
coupling scale of the macroscopic theory Λm. We may treat the SO(N) gauge symmetry
as a global symmetry to extract the vacuum symmetries and the field representations
and then later gauge this symmetry. The electric quark meson M can be related to the
magnetic elementary “meson” Φ by Φ = M/Λe where Λe is the dynamical scale of the
electric description. Further we relate the electric quark masses m to µ by µ2ij = −mijΛ.
Λ relates the characteristic scale of the electric description to the magnetic description via
h = Λe/Λ.
We start with a macroscopic global SO(N), with N = Nf − Nc + 4 [1]. The field
content is
Field SO(N) SU(Nf )f U(1)
′ U(1)R
Φ 1 -2 2
ϕ 1 0
These are complex chiral superfields. The canonical Ka¨hler potential is
K = Tr[ϕ†ϕ] + Tr[Φ†Φ]. (2.3)
The superpotential is
WISS = hTr[ϕ
TΦϕ]− hµ2Tr Φ. (2.4)
The initial global symmetries are valid when µ = 0. Switching on µ breaks SU(Nf )×U(1)′
to SO(Nf ):
Field SO(N) SO(Nf )f U(1)R
Φ 1 2
ϕ 0
Supersymmetry is broken by rank condition when Nf > N and the potential is minimised
by
Φ =
(
0 0
0 X0
)
ϕ =
(
χ
0
)
χ = µ
(
cosh θ i sinh θ
−i sinh θ cosh θ
)
⊗ IN/2 (2.5)
where X0 is a (Nf −N)× (Nf −N) symmetric matrix and χTχ = µIN . We find
Field SO(N) SO(N)f SO(Nf −N)f
Φ =
(
YNxN Z
T
Nf -NxN
ZNxNf -N XNf -NxNf -N
)
NfxNf
(
1
) (
1
) (
1
+ 1
)
ϕ =
(
χNxN
ρNf -NxN
)
NfxN
( ) (
1
) (
1
)
These global flavour symmetries are the symmetries into which we weakly gauge and iden-
tify with the standard model GUT “parent”. The singlet TrX = (1, 1, 1) in the above
(where we use notation where (A,B,C) refers to irreps. of SO(N)× SO(N)f × SO(Nf −
N)f ) is the chiral superfield whose fermionic component is the massless Goldstino arising
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from the spontaneous breaking of supersymmetry. The pseudo flat directions has degener-
ate vacuum energy density
Vmin = (Nf −N)|h2µ4|. (2.6)
Perturbative quantum effects create a local minimum at X = 0, χ = µIN (up to global
symmetries in the parameterisation of χ). The superpotential, in terms of the component
fields, is
W = hTr[χTY χ+ ρTXρ+ χTZρ+ ρTZTχ]− hµ2TrY − hµ2TrX. (2.7)
As the global flavour symmetry is broken we can choose to diagonalise Tr[µ2Φ], and assign
different values to parameters within each global flavour symmetry group,
µ2AB =
(
µ2IN 0
0 µˆ2INF−N
)
AB
(2.8)
with µ > µˆ. This choice of values is an explicit breaking of the global symmetry and would
remove the Goldstone bosons of the vacuum. The unbroken symmetry of the vacuum is
SO(N)D × SO(Nf −N)× U(1)R:
Field SO(N)D SO(Nf −N)f
Φ =
(
YNxN Z
T
Nf -NxN
ZNxNf -N XNf -NxNf -N
)
NfxNf
(
1
) (
1
+ 1
)
ϕ =
(
χNxN
ρNf -NxN
)
NfxN
(
×
) (
1
)
SO(N)D is a colour-flavour locking phase [8]. The vacuum has five sectors of fields under
equivalent representations. Each sector satisfies StrM2 = 0. The fermionic particles are
in Weyl multiplets and the chiral superfields are complex. These give two real boson mass
eigenstates for each complex degree of freedom. These sectors are:
Tr X The trace of X is the massless Goldstino of the spontaneously broken global
supersymmetry and it is accompanied by two real bosons.
X This field is the classically massless “pseudo-modulus” which is one loop lifted by the
Coleman Weinberg potential. For pure ISS (no deformations) its vev is lifted to the origin.
There are (Nf −N)(Nf −N + 1)− 2 real bosons and half as many Weyl fermions.
(ρ, Z) These fields are the largest contribution towards messengers of the soft terms.
There are 2N(Nf − N) Weyl fermions coming from (ψρ, ψZ). For small vevs of X their
mass is approximately hµ. We will explore their mass in more detail for specific models
later. The broken global symmetries arising from SO(Nf )f → SO(Nf − N)f × SO(N)f
are Goldstone bosons in Re(ρ). Explicit breaking by high dimension operators results in
pseudo Nambu-Goldstone Goldstone bosons [9]. If one makes an explicit choice of different
quark masses (Eqn. (2.8)) these Goldstone bosons are avoided. The remaining complex
scalars generate masses of order m2 ∼ h2µ2 and there is multiplet splitting between them
due to the vev of X and the explicit R symmetry breaking deformations, as expected from
a general Heisenberg Wigner mode.
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(Y, χS) There are N(N +1)−2 chiral superfields whose fermions and scalar components
have mass of order hµ. As is explored in the next section, increasing the vevs of fields will
increase the masses. Introducing explicit R-symmetry breaking terms that generate a vev
for Y will cause multiplet splittings of the scalar components of these fields. As FY = 0
and Fχ = 0, these fields play no role as messengers.
χA The antisymmetric part of χ parameterises the Goldstone bosons and pseudo-moduli
of SO(N) × SO(N)f → SO(N)D. If all the electric quark masses are the same µ ∼
mQΛ, there are
N
2 (N − 1) complex chiral superfields of which half are Goldstone and the
other half pseudo-moduli. Using the vacuum Eqn. (2.5) we can label θ+ = θ + θ
∗ as the
pseudo-modulus and θ− = θ − θ∗ the Goldstone boson. The Coleman Weinberg potential
will generate a mass for θ+. The gauge fields will all acquire mass from the super-Higgs
mechanism when SO(N)c is completely gauged, in particular the Goldstone superfields
become Higgs superfields which are then eaten by the vector superfields.
As the super-Higgs mechanism is a supersymmetry preserving mechanism, the supertrace
holds and there is no effect on the stability of the vacuum from gauging SO(N)c. The
masses of the gauge superfields and the pseudo-moduli superfield are obtained from the
D-term potential, giving m = ghµ.
When we come to consider embedding the standard model in SO(10) flavours groups,
and SO(10) is broken, these particles will form irreducible representations of the standard
model gauge group, which we discuss in a later section.
2.3 Choice of embeddings
There are two choices of standard model embeddings via SO(10). In the first embedding
we put the standard model into the global symmetry group SO(Nf −N)f . In the second
case we embed into the global symmetry SO(N)f . The vacuum of the theory has the
symmetry SO(N)D × SO(Nf − N)f . Correspondingly, beta function contributions are
from the matter’s representation under the SO(N)f gauge group.
The gauged SO(N)c is infrared free for Nf > 3(N − 2). The electric description is
asymptotically free for Nf <
3
2(Nc−2). If we identify SO(Nf −N)f = SO(10) and weakly
gauge, then we find Nf −N = 10 and N = Nf −Nc+4 leads to Nc = 14. These conditions
are met when 18 ≥ Nf ≥ 12 with the corresponding N, with 8 ≥ N ≥ 2.
Alternatively, we may identify SO(N)f = SO(10), then Nf > 24 and this gives Nc >
18. Of course we may also embed SO(10) into a subset of a larger flavour symmetry group.
Identifying the full flavour group is merely the minimal choice when exploring these models.
For a recent example of embedding into a subset, in particular embedding SU(5) into a
weakly gauged SU(6) flavour symmetry, see [10].
3. Contribution to gaugino masses
ISS models generally have a signature of heavy squarks and light gaugino masses [11, 12, 13].
These mass types are soft terms generated from the messengers of the hidden sector. In
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this section we will focus on the gaugino masses, as being lighter, they pose the initial
phenomenological concern.
The vector superfield of SO(10) is in the antisymmetric 45 (adjoint), which is tradi-
tionally broken at an energy scale, MGUT , far above the SUSY breaking scale. The extra
gauge degrees of freedom are “super-Higgsed”, whereby the scalar and fermionic compo-
nents of a Higgs chiral superfield is eaten by a massless vector supermultiplet. Thus the
broken gauge bosons and the gauginos both have masses at the MGUT scale. We are thus
left with the issue of the gaugino masses of the standard model. Regardless of this Super-
Higgs mechanism, all the gauginos of the standard model parent gauge group will get equal
contributions to their masses from the messengers.
ISS models have multiple messengers. The fundamental messengers (ρ, Z) are the
major contributor to gaugino masses, Mλ. These have been the focus of much of the
literature of gauge mediation [14, 15, 16, 17, 18, 19, 20]. Their contribution to gaugino and
sfermion masses depends on the vev of X which is non-zero only if R-symmetry breaking
deformations are added to the ISS model, and depends on FX . Explicit examples will be
discussed in later sections 5.2 and 8.6. The other contributions are either from X or from
(Y, χS). A concise method for calculating this contribution is outlined in “General Gauge
Mediation” [6]. The gaugino mass contribution is calculated from the two point function of
the fermionic component of the gauge current superfield. The interested reader may follow
appendix A, where we review these techniques in the light of SO(10).
First we calculate the gaugino mass contribution from the X pseudo-modulus. When
identifying SO(Nf − N)f = SO(10), X is in the symmetric representation of SO(10).
Schematically the scalar mass squared matrix is:
(
X†X
)
M2X
(
X
X†
)
M2X ∝
h4
64pi2
(
µ2 〈X〉2
〈X〉2 µ2
)
⊗ INf−N ⊗ INf−N (3.1)
where we have stripped all indices. The diagonal and off diagonal terms are both found
from computing the one loop Coleman Weinberg potential. The diagonal components
arise from the pure ISS superpotential. The off diagonal components are proportional to
|Wρρ|4, where Wρρ is the double derivative of the superpotential with respect to ρ. This
type of term is classically zero in the ISS model but may appear at one loop, if there are
deformations to the ISS model. This matrix will have two mass eigenstates (mX±). There
is one fermionic mass eigenstate (MψX ). Computing the two point function and using
Ward identities (see Appendix A) we find,
MXλr = 2MψXgr
2R[X]T (r)(D(x;mX+)−D(x;mX−))D(x;MψX )
= 2MψXgr
2R[X]T (r)
∫
d4k
(2pi)4
(
1
k2 +m2X+
− 1
k2 +m2X−
)
1
k2 +M2ψX
∝ (2αr
4pi
)R[X]T (r)
h2 〈X〉2
8piµ
for 〈X〉2 < µ2 (3.2)
where T (r) is related to the Dynkin index of the representation r, in this case symmetric of
SO(10), T (sym) = 12. R[X] is the rank of the field X. The subscript r on the coupling gr
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Field Tree level vev One loop vev M2 Mλ
X Moduli 0
h4µ2(log4−1)N(Nf−N)
2pi2
0
Y 0 0 4h2µ2 0
χ µ µ 4h2µ2 0
θ+ = (θ + θ
∗) Moduli 0 h
4µ4(log4−1)N(Nf−N)
8pi2
0
ρ, Z 0 0 4h2µ2 0
Table 1: Vevs and masses of scalars fields in pure ISS model.
denotes the gauge group associated to each coupling, such as g3 of SU(3). The fermionic
mass MψX may found by taking the STrM
2 = 0 = M2+ + M
2− − 2M2ψ and obtain the
fermionic mass from the known scalar masses. The result for the pure ISS model is
MψX =
h4µ2
64pi2
. (3.3)
We now look at the (Y, χs) sector. When identifying SO(N)D = SO(10), these fields are
charged under the standard model GUT parent and we should expect them to behave as
messengers also. We see that as the superpotential is of the form
WISS ⊃ hχTY χ (3.4)
these fields do not behave like the fundamental messengers which had a coupling of the
form WISS ⊃ ρTXρ where X was just a background superfield. In this case we would
apply the methods [19] for multi-messengers where the fermion messenger mass matrix
parameterised by the superfields (Y, χs) is
W =
(
χTY T
)
M
(
χ
Y
)
M =
(
h 〈Y 〉 hµ
hµ 0
)
⊗ IN ⊗ IN . (3.5)
χ achieves a vev when FY = 0 as this is the breaking by rank condition. For Y to obtain
a vev at the minimum requires setting Fχ = 0 in general. The result is that these fields,
although possibly charged under the standard model GUT group, cannot generate gaugino
or sfermion contributions. One may speculate that a complicated deformation of ISS with
magnetic quarks may give a vev to Y and achieve Fχ 6= 0. In that case we would apply the
methods [19] for multi-messengers and there would be no supression of gaugino masses at
first order in F , despite a zero in the fermion mass matrix.1 For pure ISS the values of the
masses and vevs for each field may be found in [1] and are compiled for comparison later,
in Table 1.
In summary we see that the breaking of an explicit global R-symmetry, in the hidden
sector, leads to the explicit soft terms which break the global supersymmetry in the visible
sector. These R-symmetry breaking terms control the vev of Y and X. We will classify
the deformations of ISS model by their influence on the vevs of these fields.
1The interested reader may note that the zero in the fermion mass matrix for (Y, χs) can be filled by a
multitrace deformation of the magnetic meson TrΦ2.
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4. Spontaneous versus explicit R-symmetry breaking
R-symmetry of the superpotential prevents gaugino mass terms from the messengers of the
magnetic description of the ISS model. We must then include R-symmetry breaking terms.
The key motivation of ISS models is that they satisfy Seiberg dual descriptions at the IR
fixed point. So the deformations should be from irrelevant operators, that do not add new
degrees of freedom (new fields) into the superpotential. The general approach is to add
irrelevant operators to the electric description which will be parametrically suppressed.
In SU(N) models one has a choice between spontaneous and explicit R-symmetry
breaking when adding deformations to the model2. For spontaneous R-symmetry breaking
one requires that some of the fields in the ISS model are R 6= 0 but that the superpotential
still has R[W ] = 2.
The first term in the ISS superpotential is
WISS ⊃ hTr[ϕ˜Φϕ] (4.1)
where ϕ˜ may signify the antifundamental of ϕ in the SU(N) case, or simply transpose in
the SO(N) and Sp(N) cases. If we also consider the TrΦ linear term in WISS we obtain
two constraints
R[ϕ˜] +R[Φ] +R[ϕ] = 2 R[Φ] = 2→ R[ϕ˜] = −R[ϕ]. (4.2)
In SO(N) and Sp(N) models the ϕ˜ signifies transpose such that the constraints can only
ever be satisfied by R[ϕ] = 0. So we see the only explicit R-symmetry may be used for
SO(N) and Sp(N) models.3
In SO(N) we can use the invariant two index Kronecker (δαβ) and Levi-Civita (α1...αN )
symbol to build terms that explicitly break R-symmetry using the dual magnetic quarks,
explicitly the χ components of the magnetic quarks ϕ. For SO(N) = SO(2) we may have
W = hkδstδαβϕ
s
αϕ
t
β + hmαβstϕ
s
αϕ
t
β (4.3)
where the r, s, t indices are of SO(2)mag and the α, β are from SO(N)f . This is the
deformation used in [11, 12, 13] for SU(5) models. Baryon deformations of this type will
give a vev to the Y field. This will effect the scalar masses of (Y, χ) but in general will have
no effect on gaugino masses, when embedding into either SO(N)D or into SO(Nf −N)f .
4.1 Tree level potential for SO(2) model
Let us first analyse the dual quark deformations from Eqn. (4.3). Setting N = 2 and
Nf −N = 10, we take Eqn. (2.4) and Eqn. (4.3) and compute the tree level potentials for
SO(2)mag × SO(2)f × SO(Nf −N)f
W = hTrϕTΦϕ− hTr[µ2Φ] + hkδstδαβϕTsαϕβt + hmαβstϕTsαϕβt. (4.4)
2See also an example of spontaneous R-symmetry breaking at two loops [21].
3However, see Section 4 of [22] for a spontaneous breaking of U(1)R for SO(N) involving D terms and
breaking of the SO(N) symmetry for an O’Raifeartaigh model.
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Using the SO(2)f × SO(10)f symmetry we may diagonalise the matrix µ2AB as
µ2AB =
(
µ2I2 0
0 µˆ2I10
)
AB
. (4.5)
The resulting tree level potential is
VF =
∑
αβ
|hχTsαχβs − hµ2δαβ|2 +
∑
aβ
|2hρTsaχβs|2
+
∑
ab
|hρTsaρbs − hµˆ2δab|2 +
∑
sa
|2hZaβχβs + 2hXabρbs|2 (4.6)
+
∑
sα
|2hYαβχβt + 2hZTαbρbs + 2hkδαβχβs + 2hmαβχβs|2.
The indices are A =(α, a) and B =(β, b) running over all Nf with α, β running over the
first N and a, b running over the Nf −N . We apply the rank condition method of ISS and
set ρ = 0. The potential becomes
VF =
∑
αβ
|hχTsαχβs − hµ2δαβ|2 +
∑
ab
|hµˆ2δab|2 +
∑
sa
|2hZaβχβs|2
+
∑
sα
|2hYαβχβt + 2hkδαβχβs + 2hmαβχβs|2. (4.7)
The potential is minimised when
χTsαχβs = µ
2Iαβ (4.8)
where α, β run over N . For SO(N) models χTsα is just the transpose of χβs, they are not
independent fields. To minimise, we set Z = 0. Notice also that VF is independent of Xab
and these are the pseudo-moduli. SO(10) is unbroken. Preliminarily we choose the local
minimum to be
〈χ〉 = Σ
(
1 0
0 1
)
+ θ
(
0 −1
1 0
)
(4.9)
with the constraint
Σ2 + θ2 = µ2. (4.10)
The χ fields have excitations that are constrained to live on a circle. The symmetric and
antisymmetric piece both preserve the SO(2)D symmetry. We have F-term constraints on
Y to minimise. We set 〈Yαβ〉 = ηIαβ. Putting this back into the scalar potential we find
VF =2Nh
2|ηΣ+mΣ+kΣ|2+Nh2|−ηθ−mθ−kθ|2+Nh2|ηθ+mθ+kθ|2+(Nf −N)h2µˆ4 (4.11)
where we have in mind that N = 2 and Nf −N = 10. Using the constraint reduces VF to
VF = 2N |hηµ+ hkµ+ hmµ|2 + (Nf −N)h2µˆ4. (4.12)
Minimising in η we find
η = −(k +m)
V (µˆ) = (Nf −N)h2µˆ4. (4.13)
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So the minimum of the scalar potential is independent of the particular choices of Σ and
θ, with these fields constrained to live on a circle of radius µ in field space. Choosing
a particular value of Σ and θ will break this continuous symmetry. It is clear now that
the Kronecker contracted and Levi-Civita contracted terms act equivalently to the scalar
potential and we may drop one of them without loss of generality. For all values of the
potential, it is positive definite and non zero in terms of the Y (η) field.
It is useful to compare this with the SU(N) ISS models [11, 12, 13]. In those models
there is a runaway direction, associated with the parameterisation of the vevs of Y , χ and
antifundamental χ¯ fields, which is one loop lifted. In those models the deformation will be
significant to the (ρ, Z) messenger contributions to gaugino masses and plays an important
role when embedding into both flavour groups.
5. The KOO deformation
In this section we keep the delta contracted deformation of the previous section, which
is valid for any SO(N) and not just SO(2). We add to this a new deformation. As has
previously been pointed out in [2], that to obtain gaugino mass contributions from the
fundamental messengers (ρ, Z) at first order in F , one must add a deformation that adds
a mass term to the diagonal of the messenger mass matrix. It is an explicit R-symmetry
breaking term. We will refer to this as the KOO deformation:
WKOO = h
2mzTr(Z
TZ). (5.1)
The full potential we would like to analyse is
W = hTr[ϕTΦϕ]− hTr[µ2Φ] + hkδstδαβϕTsαϕβt + h2mzTr[ZTZ]. (5.2)
The scalar potential is
VF =
∑
αβ
|hχTsαχβs − hµ2δαβ|2 +
∑
aβ
|2hρTsaχβs + 2h2mzZTβa|2
+
∑
ab
|hρTsaρbs − hµˆ2δab|2 +
∑
sa
|2hZaβχβs + 2hXabρbs|2 (5.3)
+
∑
sα
|2hYαβχβt + 2hZTαbρbs + 2hkδαβχβs|2.
We can follow the usual steps of minimising the potential. We find an ISS type minimum,
V (µˆ) = (Nf −N)|h2µˆ4| with
〈ρ〉 = 0 〈Z〉 = 0 〈Y 〉 = −k. (5.4)
X is a modulus of the classical potential. The other SUSY broken minimum are found to
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be
χsαχ
s
β = µ
2IN
ρsaρ
s
b =
h2m2z
µ2
ZZ = diag(µˆ2...µˆ2, 0...0)Nf−N
Xab = − µ
2
mz
diag(1...1, xˆ...xˆ)Nf−N (5.5)
Yαβ = −( µˆ
2
mz
+ k)IN
Vlow = (Nf −N − n)|hµˆ2|2.
The label n runs from 1 to N . The first term has µˆ2 for the first N corresponding to
the rank condition. The remaining Nf − 2N of Nf − N are zero and the µˆ2 of that F
term generate Vlow. The xˆ signify classical moduli. These extra SUSY broken minimum
only arise with the KOO deformation because this deformation gives an extra degree of
freedom to fix the Z minimum in the scalar potential. The deformation fills the zero of the
scalar mass matrix giving gaugino masses at order first order in FX . It is also an explicit
R-symmetry breaking term, giving a nonzero vev to the pseudo-modulus X, which, as we
discussed above, is crucial. Certainly the ISS vacuum is viable, however some speculation
over the viability of this secondary and lower minimum is necessary. We suggest that it is
viable as an SO(Nf −N − n) or SU(Nf −N − n) embedding of the standard model and
give a review of this for SU(Nf −N − n) in appendix B.
5.1 Messenger masses with KOO deformation
As we have stated already, the deformations using the magnetic quarks (e.g. hkδδϕϕ)
does not effect the mass matrix of (ρ, Z) and does not effect the vev of X. The KOO
deformation of Eqn. (5.1) does effect both of these quantities. In this section we examine
the messenger sector of (ρ, Z). For a general set of fields the fermionic mass matrix is given
by [23]
m21/2 =
(
W abWbc + 2D
αaDαc −
√
2W abDβb
−√2DαbWbc 2DαcDβc
)
(5.6)
where Wa = ∂W/∂Φa, W
a = ∂W †/∂Φ†a. The scalar mass matrix is
m20 =
(
W abWbc +D
αaDαc +D
αa
c D
α W abcWb +D
αaDαc
WabcW
b +DαaD
α
c WabW
bc +DαaD
αc +Dαca D
α
)
. (5.7)
The D terms are taken to be switched off. To compute the matrices for (ρ, Z), we choose
to parameterise the fermion mass matrix by
ψ = (ρas, Zaβ). (5.8)
The scalar squared mass matrix is parameterised by (ρas, Zaβ, ρ
∗
as, Z
∗
aβ). We make the
choice of vevs to be
〈Xab〉 = X0Iab 〈Yαβ〉 = ηIαβ 〈χβs〉 = µIβs. (5.9)
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We have switched off the θ dependence of the χ vev to achieve analytic results. Hence, for
both embeddings the fermion mass matrix is given by
mf = INf−N ⊗ IN ⊗ 2h
(
X0 µ
µ hmz
)
. (5.10)
The two fermionic eigenvalues are
M± = h(hmz +X0 ±
√
4µ2 + (−hmz +X0)2). (5.11)
The scalar mass matrix is then computed to be
m2s =
(
W abWbc W
abcWb
WabcW
b WabW
bc
)
(5.12)
where
W abWbc = INf−N ⊗ IN ⊗ 4h2
(
X0X0
∗ + µ2 µ(X0∗ + hmz)
µ(X0 + hmz) h
2m2z + µ
2
)
(5.13)
and
W abcWb = WabcW
b = INf−N ⊗ IN ⊗ 2h2
(
−µˆ2 0
0 0
)
. (5.14)
The four independent scalar mass squared eigenvalues are
m21,± = h
2
[− µˆ2+4µ2+2h2m2z+2|X0|2
±
√
16µ2(hmZ +X0)(hmZ +X0
∗) + (2h2m2Z − (−µˆ2 + 2X0X0∗))2
]
m22,± = h
2
[
µˆ2+4µ2+2h2m2z+2|X0|2
±
√
16µ2(hmZ +X0)(hmZ +X0
∗) + (2h2m2Z − (µˆ2 + 2X0X0∗))2
]
. (5.15)
We calculate the corresponding Coleman-Weinberg potential
VCW =
1
64pi2
STrM4Log
M2
Λ2
=
1
64pi2
(Trm4BLog
m2B
Λ2
− Trm4FLog
m2F
Λ2
) (5.16)
for the messenger correction at one loop and eventually, find
X0 = 〈X〉 = 1
2
hmz, M
2
X =
h4µˆ2
12µ2pi2
(
µˆ2 − 940X02
− 940X02 µˆ2
)
(5.17)
where we have expanded to first order in h,mz and in µˆ/µ up to first non-vanishing order.
We have supressed factors of N(Nf − N) in the expression for M2X coming from tracing
over degenerate mass eigenavlues.
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5.2 Gaugino and squark masses
Generalisations of the wavefunction renormalisation technique, in the regime that the F -
term of the pseudo-modulus is smaller than the messenger scale, give analytic expressions
for the gaugino and sfermion masses [24]. For the gauginos
mλr =
αr
4pi
ΛG =
αr
4pi
FX
∑
i
∂XMi
Mi
(5.18)
where Mi are the eigenvalues of the fermion mass matrix. The gaugino masses from (ρ, Z)
are found to be
m
(ρ,Z)
λr
=
αrh
2µˆ2mz
2pi(µ2 − hmzX0) (5.19)
where to simplify expressions we have defined X0 = 〈X〉. The sfermions from (ρ, Z) are
given by
m2
f˜
= 2
∑
r
Cr
f˜
(
αr
4pi
)2Λ2S
Λ2S =
1
2
|FX |2
∑
i
|∂XMi
Mi
|2 (5.20)
where αr is the gauge coupling at the messenger scale and C
r
f˜
denotes the quadratic Casimir
of the irrep f˜ in the gauge group factor labelled by r. We find
Λ2S,(ρ,Z) =
(h2µˆ4)[h4m4z + 2µ
4 − 2h3m3zX0 − 2hmzµ2X0 + h2m2z(4µ2 +X20 )]
[(µ2 − hmzX0)2(4µ2 + (−hmz +X0)2)] (5.21)
The KOO deformation h2mzTr[Z
TZ] is a mass term for some of the messengers of the
theory. As is highlighted in [24], the introduction of messenger masses changes the ratio
Λ2G
Λ2S
= N → Neff (h, µ,mz, X0) (5.22)
where Neff is the effective messenger number, which can continuously vary from 0 to N
inclusive.
Λ2G
Λ2S
=
4h2m2z[4µ
2 + (−hmz +X0)2]
[h4m4z + 2µ
4 − 2h3m3zX0 − 2hmzµ2X0 + h2m2z(4µ2 +X20 )]
. (5.23)
In our case it ranges from 0 to 4 as expected (see for instance [25]). The messenger field
X makes the contribution to gaugino masses
mXλr =
2αr
4pi
T (r)R[X]
√
3[
3h2µˆ2X20
80piµ3
] (5.24)
and for the sfermions
m2
f˜ ,X
= 2
∑
r
Cr
f˜
(
αr
4pi
)2T (r)R[X]Λ2S,X
Λ2S,X =
27h4µˆ4X40
6400µ6pi2
. (5.25)
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5.3 Constraints on parameters
It is useful to constrain the parameter space for comparison between differing models. A
more accurate constraint on the parameters would involve a more detailed phenomenolog-
ical survey of the model. We review closely, the constraints used in [26].
This model has a dimensionless coupling h, and has five parameters (µ, µˆ,mz, k,Λm).
• h4pi is used for a perturbative expansion; we require h at O(1).
• Cosmological bounds on the gravitino mass give
m3/2 =
F√
3Mpl
< 16eV (5.26)
hµ2 =
F√
Nf −N
<
√
316MpleV√
Nf −N < (146TeV )
2. (5.27)
Mpl is the reduced Planck mass. This is of the same order as [26] namely (174TeV
2).
• We can determine µˆ as the ratio of µµˆ which controls the longevity of the metastable
vacuum from
S ∼ (µ
µˆ
)4(
µ
mz
)4. (5.28)
• The scalar masses are completely equivalent to those found in appendix A of [26]. In
particular there is a “no Tachyon” constraint
|µ2 ± hmzX|2 > µˆ2(µ2 + h2m2z). (5.29)
This will give a constraint on mz dependent on the values of h, µ and µˆ.
• We can determine the cutoff scale Λm from the longevity of the metastable vacuum
to the non-perturbative SUSY vacuum. Normally we expect that
|| = | µ
Λm
|  1 (5.30)
is sufficient suppression of tunneling to the non-perturbative vacuum. In cases where
there is no large hierarchy between Λm and µ,(e.g in order to avoid low energy Landau
poles in SM gauge coupling constants) then it is suffices to take µˆ sufficiently smaller
than µ to avoid too short a lifetime of the metastable vacuum. Numerical examples
are given later.
• The term k plays no role in either gaugino masses or vacuum stability. It plays no
significant role to visible sector phenomenology.
6. The non-perturbative potential
In this section we explore the non-perturbative potential of the macroscopic theory. This is
perturbative in the electric theory. In general one finds that when gauging of the SO(N)c
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symmetry group and taking the model to be IR free when Nf > 3(N − 2), one finds a
non-perturbative potential
Wdyn = (N − 2)(hNfΛ3(N−2)−Nfm detΦ)1/(N−2). (6.1)
The supersymmetry preserving vacuum is found at
〈ϕ〉 = 0 〈Φ〉 = µ
h
(
Λm
µ
)
Nf−N+2
3N−Nf−41Nf . (6.2)
When  = µΛm << 1 the metastable vacuum will be exponentially long lived. This formula
being valid when the electric quark masses are all equal. In general the vev of X and Y is
fixed by solving ∂W∂X =
∂W
∂Y = 0, 〈ϕ〉 = 0 where the superpotential is the full classical plus
dynamically generated part. We find
〈X〉 = h
Nf−2N+4
N−Nf−2 µˆ
4
N−Nf−2µ
− 2N
N−Nf−2Λ
− (Nf−3(N−2))
N−Nf−2
m
〈Y 〉 = h
Nf−2N+4
N−Nf−2 µˆ
2(N−Nf )
N−Nf−2µ
2(−2N+Nf+2)
N−Nf−2 Λ
− (Nf−3(N−2))
N−Nf−2
m . (6.3)
The above SUSY minimum applies to the case N 6= 2. For the specific embedding
where N = 2,Nf = 12 has Nf = Nc − 2 so the macroscopic (IR) theory is in the coulomb
phase [1]. The IR ISS superpotential should be multiplied by an arbitrary function f(t)
where
t = Det(Φ)/Λ24 (6.4)
subject to the boundary condition f(0) = 1. To leading order in Φ the SUSY broken
vacuum is independent of this function. The magnetic SO(2)c is Higgsed and the unbroken
electric SO(2)c is confined. Thus we have a metastable SUSY broken vacuum in a confining
phase. For a more detailed exploration of these and other cases one can look at the original
papers [1, 27].
6.1 Lifetime of the metastable vacuum
The ISS vacuum can decay into either the secondary SUSY broken minimum or into the
SUSY restored non-perturbative vacuum. In general one can apply the techniques outlined
in [28]. Here we review some analytic estimates applicable to this model when tunneling
into the SUSY restored minimum. At the ISS minimum
VISS = (Nf −N)|hµˆ|2. (6.5)
The value of the pseudo-modulus is found from the Coleman Weinberg potential to be
X0 = 〈X〉 = hmz
2
. (6.6)
We can estimate the value of the local maximum of the potential by expanding the super-
potential around the vevs Z = ρ = 0. There is a local maximum when χ˜χ = 0:
VPeak = N |hµ2|2 + (Nf −N)|hµˆ|2 ≈ Nf |hµ2|2 (6.7)
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We can also estimate the value of the pseudo-modulus at this vev by use of the Tachyon
constraint
X0 = 〈X〉 = µ
2 − µˆ√µ2 + h2m2z
hmZ
(6.8)
We use the triangle approximation[28] when µ ∼ µˆ:
S ≈ (∆X)
4
Vpeak
≈ (〈hΦ〉)
4
Vpeak
=
h2
Nf
(
Λ
µ
)
4(
Nf−N+2
3N−Nf−4
)
(6.9)
When µ 6= µˆ we find that:
S ≈ 1
Nf
h
− (6N−2Nf−12)
N−Nf−2 ′
16
N−Nf−2 
− (12N−4Nf−8)
N−Nf−2 (6.10)
where we have defined ′ = µˆ/Λm and  = µ/Λm. In deriving the above expression
we have assumed that µ and µˆ though unequal are approximately the same order, so that
(6.7) is still a good approximation.
One can compare this with S=400 for the age of the universe. Typically the vevs of the
fields are small compared to the distance from the origin to the SUSY restored vacuum.
Also the Vpeak value is in general independent of the deformations used. For these reasons,
this result is consistent with the deformations used in this paper. To derive the actual value
of the lifetime we will need to input the various allowed values of Λm, µ and µˆ consistent
with various other conditions which we will consider later.
When using the KOO deformation one can also tunnel from the ISS to the second
SUSY broken minimum. For this particular model, with the baryon deformation switched
off, the calculation is completely equivalent to that carried out in appendix B of [26], in
which the calculation was numerical. In [2] there is an analytic estimate of the bounce
action, using the triangle approximation:
S ∼ (µ
µˆ
)4(
µ
mz
)4. (6.11)
For a clear discussion of metastability and the thermal favourability of the ISS SUSY
broken minimum we highlight [29].
7. Particles of the supersymmetry breaking sector
The pseudo-modulus X is much lighter than the m2 ∼ h2µ2 messenger scale. Some of
the irreducible representations of X will be charged when decomposed under the standard
model. These irreps make for a useful signature of ISS type models in collider experiments.
For SO(Nf−N)f = SO(10), Xab is a symmetric traceless two index tensor where the trace
is the Goldstino. Under a SU(5) and standard model SU(3)c×SU(2)L×U(1)Y embedding
we would find for X[30]:
54 = 15S ⊕ 1¯5S ⊕ 24A
15 = (6, 1,−23)⊕ (3, 2, 16)⊕ (1, 3, 1)
1¯5 = (6¯, 1, 23)⊕ (3¯, 2,−16)⊕ (1, 3,−1)
24 = (8, 1, 0)⊕ (1, 3, 0)⊕ (3, 2,−56)⊕ (3¯, 2, 56)⊕ (1, 1, 0) (7.1)
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where we have chosen to normalise U(1)Y =
1
6U1 as in [30]. Under the left right symmetric
model SU(4)C × SU(2)L × SU(2)R One arrives at
54 = (1, 1, 1)⊕ (6, 2, 2)⊕ (20′, 1, 1)⊕ (1, 3, 3). (7.2)
Under SU(3)c × SU(2)L × SU(2)R × U(1)Y the above irreps become
(1, 1, 1) = (1, 1, 1, 0)
(6, 2, 2) = (3, 2, 2,
2
3
)⊕ (3¯, 2, 2,−2
3
)
(20′, 1, 1) = (6¯, 1, 1,−4
3
)⊕ (6, 1, 1, 4
3
)⊕ (8, 1, 1, 0)
(1, 3, 3) = (1, 3, 3, 0) (7.3)
In general the direct gauge mediation models with different embeddings and different de-
formations can somewhat adjust the parameters and phenomenological predictions. Still
better though is a clear feature that distinguishes between different hidden sector models.
The relatively light mass of the pseudo-modulus is a good window into the hidden sector.
For example, we can compare this to the SU(5) case explored in [26]. In those models the
pseudo-modulus is an adjoint 24 of SU(5). The SO(10) case has extra matter from the
15 and 1¯5 reps that can distinguish between these two hidden sector gauge groups. This
can be general applied for all SU(Nf −N)f , SO(Nf −N)f and SP (Nf −N)f models: A
different weakly gauged flavour group will predict different particle content due to the light
pseudo-modulus.
7.1 Beta function contributions to the visible sector
We can associate the parent of the standard model with either of the two flavour groups.
If we choose to embed in the SO(Nf −N)f = SO(10), then the fields (X, ρ, Z) contribute
to the beta functions of both standard model SU(3)c and SU(2)L:
δb2,3(µR < 2hµ) = −12 δb2,3(2hµ < µR < Λ) = −12− 2N δb2,3(µR > Λ) = −Nc (7.4)
The delta signifies that these contributions should be added to the visible sector beta func-
tions of the MSSM or SUSY GUT models. For the embedding of SO(N)f , the contributions
to the beta functions are
δb2,3(µR < 2hµ) = 0 δb2,3(2hµ < µR < Λ) = −12−Nf δb2,3(µR > Λ) = −Nc. (7.5)
For the SM and MSSM one has the standard results,
bSMa = (−41/10, 19/6, 7) bMSSMa = (−33,−1, 3). (7.6)
These additional contributions to the beta functions agree with other direct gauge media-
tion models explored: embedding into SO(Nf − N)f results in a Landau pole before the
unification scale. This is clear from the large contribution of −12 to b3 from the X fields
for µR < 2hµ which results in a Landau pole in the strong coupling α3 at µR ∼ 10TeV.
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On the other hand embedding the standard model gauge group into SO(N)f can avoid
a Landau pole by making the messenger masses significantly heavy. Specifically we find
that for N = 10, Nf = 26 (recall for this embedding we must have Nf > 24) values of
2hµ ∼ 1014 GeV and Λ ∼ 1015 can just avoid a pole below Mgut ∼ 2.2 × 1016 GeV. This
implies a value of the parameter  ∼ 120h . Thus to establish a long enough lifetime for
the metastable vacuum is apparently more stringent in this case than in SU(N) based ISS
models.
7.2 Gauging both flavour groups
Simultaneous gauging of both flavour groups is a novel feature of SO models. In the case
of orthogonal groups a natural semi-direct product group that contains the standard model
is SO(6) × SO(4) with the SO(6) containing as a maximal subgroup SU(3)c × U(1) and
SO(4) ∼ SU(2)L × SU(2)R. Starting from our macroscopic flavour group SO(N)D ×
SO(Nf −N)f there might appear 2 ways to gauge SO(6)× SO(4) namely either choosing
N = 4, Nf = 10 or N = 6, Nf = 10
The constraints coming from infrared freedom of the SO(N)c and asymptotic freedom
of the electric theory requires Nf > 3(N − 2) and Nf < 32(Nc− 2), with N = Nf −Nc + 4.
Of the 2 possible embeddings only the choice Nf = 10, N = 4 (so Nc = 10 ) satisfies both
these constraints. We notice that in the electric picture these two global symmetries arise
from the same SO(Nf ) = SO(10) and make for an interesting possible unification in the
electric theory where a unification in the magnetic picture would appear doubtful. The
gaugino mass and sfermion mass contributions from the (ρ, Z) messengers would be the
same for both flavour groups (up to R.G. flow) as has been calculated in this paper except
that the contributions from the X messenger would be solely to SO(6). The contributions
to the beta functions to SO(6) would be
δbSO(6)(µR < 2hµ) = −12 δbSO(6)(2hµ < µR < Λ) = −20 (7.7)
and for SO(4)
δbSO(4)(µR < 2hµ) = 0 δbSO(4)(2hµ < µR < Λ) = −22. (7.8)
The presence of the −12 in the beta function of α3 means a Landau pole is present at
low energies (around 10TeV) so unfortunately this maximal, simultaneous gauging of both
flavour groups has problematic phenomenology. However in may be that by studying
the ‘reduced rank’ version of ISS based on SO groups (discussed later in subsection 8.7)
different macroscopic flavour groups emerge that might still allow for simultaneous gauging
of both flavour groups in such a way as to reduce the number of light messenger fields that
produced the low energy Landau pole above.
8. Multitrace deformations
In this section we examine introducing multitrace deformations of the magnetic quarks ϕ
and the meson field Φ [31, 32, 33]. The deformations of magnetic quarks mix fields of the
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two global symmetry groups in which one may embed the standard model GUT. These op-
erators have been suppressed by the strong coupling scale of the magnetic picture. Whilst
we do not supply a UV completion we find them useful as they demonstrate how the vev
of the pseudo-modulus may be shifted without changing the FX . In contrast, the KOO
deformation demonstrated a shifting of 〈X〉 and a filling of a zero of the messenger fermion
mass matrix. This zero had suppressed gaugino masses at first order in FX . Finally, mul-
titraces of the meson field are explored. These deformations are irrelevant operators of
Q from the UV electric description which are then mapped to Φ of the magnetic descrip-
tion. These deformations will make the FX term X dependent and the KOO deformation
naturally appears as part of this meson deformation. As the scalar potential is no longer
independent of X, it is no longer a classically flat direction although one loop corrections
still contribute to its minimisation.
8.1 Multitrace deformation of magnetic quarks
We may build a deformation out of magnetic quarks of the form
δW =
h
Λm
(Tr[ϕTϕ])2. (8.1)
We keep the KOO deformation and add
δW = hη
[
(χαsχ
T
sβχβtχ
T
tα) + (χαsρ
T
sbρbtχ
T
tα) + (ρasχ
T
sβχβtρ
T
ta) + (ρasρ
T
sbρbtρ
T
ta)
]
+ hγ
[
(χαsχ
T
sα)(χγtχ
T
tγ) + (χαsχ
T
sα)(ρctρ
T
tc) + (ρasρ
T
sa)(χγtχ
T
tγ) + (ρasρ
T
sa)(ρctρ
T
tc)
]
.
(8.2)
Calculating the derivatives of the deformation gives
∂δW
∂χβs
= hη[4χαsχβtχ
T
tα + 4χβsρ
T
saρat] + hγ[4χβs(χαtχ
T
tα) + 4χβs(ρctρ
T
tc)] (8.3)
and similarly
∂δW
∂ρbt
= hη
[
4ρbsχ
T
sαχαt + 4ρbsρ
T
saρat
]
+ hγ
[
4(χαsχ
T
sα)ρ
T
tb + 4ρbt(ρcsρ
T
sc)
]
. (8.4)
The rest of the F-terms are the same as for the KOO-superpotential.
In minimising F terms we take
〈ρ〉 = 〈Z〉 = 0 χTsαχβs = µ2Iαβ 〈Yαβ〉 = −2(η + γ)µ2Iαβ. (8.5)
The scalar potential is
Vmin = (NF −N)|hµˆ2|2. (8.6)
There is a local maximum with χ = 0 and Y undetermined at
V = (NF −N)|hµˆ2|2 +N |hµ2|2 (8.7)
The fermion and scalar mass matrices are
mf = INf−N ⊗ IN ⊗ 2h
(
X0 + 2µ
2∆ µ
µ hmz
)
(8.8)
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where we have defined ∆ = (η + γ). In particular we find that F †χ = 0 and ∂
3W
∂ρ3
∝ ρ = 0.
Using Eqn. (5.12) we find
W abWbc = INf−N ⊗ IN ⊗ 4h2
(
|X0+2µ2∆|2+|µ|2 µ(X0∗+2µ2∆+hmz)
µ(X0+2µ
2∆+hmz) |µ|2+|hmz|2
)
(8.9)
and
W abcWb = WabcW
b = INf−N ⊗ IN ⊗ 2h2
(
−µˆ2 0
0 0
)
. (8.10)
The independent mass eigenvalues for the scalar fields are
m21,± = h
2(−µˆ2 +G)±
√
(G− µˆ2)2 +H
m22,± = h
2(µˆ2 +G)±
√
(G+ µˆ2)2 +H (8.11)
where the functions G and H are defined as
G = 8∆2µ4 + 2X0X0
∗ + 2h2m2z + 4µ
2(1 + ∆X0 + ∆X0
∗)
H = −8(2µ4(1− 2∆hmz)2 − h2m2z(µˆ2 − 2X0X0∗)
+µ2(−µˆ2 + 2hmz(−1 + 2∆hmz)(X0 +X0∗))). (8.12)
Expanding the Coleman Weinberg potential we find the VEV of X to first order in (η+ γ)
and first order in mz, to be
X0 =
1
2
hmz − 2∆µ2. (8.13)
The mass matrix for X is given by
M2X =
h4
pi2
(
µˆ4
12µ2
−3∆µˆ4
40µ2
X0 − 3µˆ4160µ4X02
−3∆µˆ4
40µ2
X0 − 3µˆ4160µ4X02 µˆ
4
12µ2
)
. (8.14)
These expression are sufficient to determine the contributions to gaugino and sfermion
masses.
8.2 Gaugino and squark masses from multitrace of magnetic quarks
For this model the fermion mass matrix differs from the KOO case we use Eqn. (5.18) we
find the gaugino masses to be
m
(ρ,Z)
λr
=
αrh
2µˆ2mz
4pi(µ2(1− 2hmz∆)− hmzX0) . (8.15)
In exactly the same way we find the sfermion masses from Eqn. (5.20) giving
Λ2S = (8.16)
=
h2µˆ4[(h4m4z+2µ
4)−(2h3m3z+2hmzµ2)(2µ2∆+X0)+h2m2z(4∆2µ4+X20 +4µ2(1+∆X0)]
2[µ2(−1+2hmz∆)+hmzX0]2[4µ2+(−hmz+2∆µ2+X0)2] .
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Equally,
N
(ρ,Z)
eff =
2h2m2(4u2+[−hm+2∆u2+X0]2)
h4m4+2u4− (2h3m3 + 2hmu2)[2∆u2+X0] +h2m2(4∆2u4+X20 +4u2[1+∆X0])
.
(8.17)
The messenger field X makes the contributions to gaugino masses
mXλr =
2αr
4pi
T(r)
3
√
3h2µˆ2µ2X0[4(η + γ)µ
2 +X0]
80µ3pi
(8.18)
and for the sfermions
m2
f˜ ,X
= 2
∑
r
Cr
f˜
(
αr
4pi
)2T(r)R[X]Λ2S,X ,
Λ2S,X =
27h4µˆ4X20 [4∆µ
2 +X0]
2
6400µ6pi2
. (8.19)
8.3 Multitrace deformation of meson field
In this section we explore the multitrace deformations suggested in [31, 32, 33]. First we
explore the case that all the electric quark masses are the same. In the second case we
again explicitly split the electric quark masses with the hierarchy m << µˆ < µ << Λ. 4
The superpotential we explore is
W = hTr[ϕTΦϕ]− hTr[µ2Φ] + h
2m
2
Tr[Φ2] +
h2mγ
2
Tr[Φ]2
= h[χTY χ+ ρTXρ+ χTZTρ+ ρTZχ]− hµ2TrY − hµˆ2TrX + h2mTr[ZTZ] (8.20)
+
h2m
2
[(Tr[Y 2] + γTr[Y ]2) + (Tr[X2] + γTr[X]2)] +
h2mγ
2
TrXTrY.
In order to minimise the tree-level potential we take the vevs of the fields to be
〈ρ〉 = 〈Z〉 = 0, 〈Y 〉 = 0, 〈χ〉 = q0, 〈X〉 = X0 (8.21)
and find for the F-terms of the fields X and Y
F †X = −hµˆ2 + h2m(1 + γ(Nf −N))X0 (8.22)
F †Y = hq
2
0 − hµ2 + h2
mγ
2
(Nf −N)X0. (8.23)
This determines q0 to be of the form hq
2
0 = hµ
2−h2mγ2 (Nf−N)X0. From the superpotential
we find the fermionic mass matrix to be
mf = INf−N ⊗ IN ⊗ 2h
(
X0 q0
q0 hm
)
. (8.24)
with independent eigenvalues
M± = h(hmz +X0 ±
√
4µ2 + (−hmz +X0)2). (8.25)
4Here, m is playing the role of the mz of the previous models.
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Computing derivatives of the scalar potential one finds the scalar mass matrix to be
m2s = 4h
2INf−N ⊗ IN⊗
q0q
∗
0 +X0X0
∗ hmq∗0 + q0X0
∗ F †X/2h 0
hmq0 + q
∗
0X0 h
2m2q0q
∗
0 0 0
FX/2h 0 q0q
∗
0 +X0X0
∗ hmq0 + q∗0X0
0 0 hmq∗0 + q0X0
∗ h2m2 + q0q∗0
 . (8.26)
The independent eigenvalues are given by
m21± = h
2
{
2h2m2 + 2X0X0
∗ + 4q0q∗0 ± |µˆ2 − hmX0(1 + γ(Nf − n))|+
+
√
16|hmq0 +X0q∗0|2 + (2X0X0∗ − 2h2m2 ± |µˆ2 − hmX0(1 + γ(Nf − n))|)2,
}
(8.27)
m22± = h
2
{
2h2m2 + 2X0X0
∗ + 4q0q∗0 ± |µˆ2 − hmX0(1 + γ(Nf − n))|−
+
√
16|hmq0 +X0q∗0|2 + (2X0X0∗ − 2h2m2 ± |µˆ2 − hmX0(1 + γ(Nf − n))|)2
}
.
(8.28)
The meson deformation results in a scalar potential V , dependent on X; X is no longer a
classically flat direction. In [31] The vev of X is found by considering the scalar potential
plus Tr[XX†] terms from the one loop Coleman Weinberg contribution. We initially ex-
panded the Coleman Weinberg potential in X and X∗ around 0 and find linear terms in
the expansion:
V (X) = V tree(X) + V 1-loop(X) = |FX |2 +BXX∗ + C|X|+D|X∗| (8.29)
where we take FY = 0 for our choices of VEVs. We note that the B term (one loop mass
term) will correspond to the b term of [1, 31, 32].
8.4 Equal electric quark masses
We first consider the case of equal electric quark masses, µˆ = µ, and discuss two scenarios,
one where the multitrace deformation is switched off (γ = 0) and the case with γ 6= 0. The
classical plus one-loop Coleman Weinberg potential to first order in m and second order in
X is given by (taking X to be real)
V (X) = V tree(X) + V 1-loop(X) = F 2X + b
h4µ2
pi2
X2 + c 2
h5µ2m
pi2
X (8.30)
where FX , b and c are in general γ dependent. There is a factor N × (Nf −N) overall.
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The γ = 0 case: Switching off the Tr[Φ]2 deformation, the coefficients b of the mass
term and c of the linear term are given by 5
b = log[(
39
256
)
1
4 ]− 1, (8.31)
c =
1
48
(
51 + 21 log[2h2µ2] + 48 log[4h2µ2]− 63 log[6h2µ2]) . (8.32)
We note that we have scaled the coefficients in the full scalar potential by a factor of 1/pi2
compared to [31, 32]. This potential gives
X0 = 〈X〉 = mµ
2 − c h2mµ2
h(bµ2 +m2)
, M2X =
h4
pi2
(
bµ2 X0f +X0
2g
X0f +X0
2g bµ2
)
. (8.33)
We remind the reader that again overall factors of N(Nf−N) coming from tracing over de-
generate mass eigenvlaues, have been taken out. Also, we have not included tree level mass
terms in the diagonal components of M2X since they are sub leading of order O(m2).The
off-diagonal components of the mass matrix are given by the two functions
f =
mh
24
(172 + 87 log[2h2µ2] + 192 log[4h2µ2]− 279 log[6h2µ2]) (8.34)
g =
1
24
(86 + 30 log[2h2µ2] + 132 log[4h2µ2]− 162 log[6h2µ2]). (8.35)
The vev of X gets a correction proportional to c due to the inclusion of the linear term into
the full potential.
The γ 6= 0 case: We now turn on the γ deformation and find that to first order in m, the
mass term of X does not depend on γ. The coefficient of the linear term has γ dependence,
c = − 1
16
(
17− γ(Nf −N) + 7 log[2h2µ2] + 4(4− γ(Nf −N)) log[4h2µ2]
+(−21 + 6γ(Nf −N)) log[6h2µ2]
)
.(8.36)
We find
X0 = 〈X〉 = mµ
2(1 + γ(Nf −N)− c h2)
h(bµ2 +m2(1 + γ(NF −N))2) , (8.37)
M2X =
h4
pi2
(
bµ2 X0fγ +X0
2gγ
X0fγ +X0
2gγ bµ
2
)
, (8.38)
where fγ is given by
fγ =
hm
24
(
172− 3(−29 + γ(Nf −N)) log[2h2µ2] + 12(16 + γ(Nf −N)) log[4h2µ2]
−9(31 + γ(Nf −N)) log[6h2µ2]
)
(8.39)
and gγ = g. Again, X0 is shifted by a correction proportional to c.
5note that in the SU based ISS case, b = Log4− 1 but in both SO and SU cases b > 0
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8.5 Unequal electric quark masses
We may now make use of the hierarchy between µˆ and µ and expand in µˆ/µ. The classical
plus one loop potential is given by
V (X) = F 2X + b˜
h4µ2
pi2
X2 + c˜
2h5µ2m
pi2
X (8.40)
and again, FX , b˜ and c˜ are γ dependent.
The γ = 0 case: Switching this particular deformation off, the coefficients of the poten-
tial are given by
b˜ =
µˆ4
12µ4
c˜ = − µˆ
2
48µ4
(9µ2 + 2µˆ2 + 6µ2 log[4h2µ2]). (8.41)
From this potential we find
X0 =
mµˆ2 − c˜ h2mµ2
h(bµ2 +m2)
M2X =
h4
pi2
(
b˜µ2 X0f˜ +X0
2g˜
X0f˜ +X0
2g˜ b˜µ2
)
(8.42)
where
f˜ =
hmµˆ4
40µ4
− hmµˆ
2
12µ2
g˜ = − 3µˆ
4
160µ4
. (8.43)
Also in the case of unequal electric quark masses the tree-level mass terms of the X field
are sub leading and we do not include them in the mass matrix.
The γ 6= 0 case: The coefficient of the linear term in the considered potential is given
by
c˜ = − µˆ
2
48µ4
(
9µ2[1 + γ(Nf −N)] + µˆ2[2 + 3
2
γ(Nf −N)]
+6µ2[1 + γ(Nf −N)] log(4h2µ2)
)
(8.44)
whereas the mass term b˜, stays the same to first order in m. Using the full scalar potential
we find for the VEV and the mass matrix
X0 =
m(µˆ2[1 + γ(Nf −N)]− c˜ h2µ2)
h(b˜µ2 +m2[1 + γ(NF −N)]2)
, (8.45)
M2X =
h4
pi2
(
b˜µ2 X0f˜γ +X0
2g˜γ
X0f˜γ +X0
2g˜γ b˜µ
2
)
(8.46)
where g˜γ = g˜ and f˜γ is given by
f˜γ =
hmµˆ4
40µ4
− hmµˆ
2
12µ2
[1 + γ(Nf −N)] + hmµˆ
4
48µ4
γ(Nf −N). (8.47)
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8.6 Gaugino and squark masses from multitrace of meson
The multitrace model has the same fermion mass matrix as the generic model with KOO
deformation in the previous sections. However the FX terms now differ. Using again
Eqn. (5.18) the gaugino masses are
m
(ρ,Z)
λr
=
αrh
2m(µˆ2 + hm[−1 + γ(N −Nf )]X0)
4pi(q20 − hmX0)
(8.48)
Similarly using Eqn. (5.20) we find the masses of the sfermions to be
Λ2S,(ρ,Z) = (8.49)
=
h2(µˆ2+hm[γ(N −Nf )− 1]X0)2[h4m4+2q04−2h3m3X0−2hmq02X0+h2m2(4q20 +X20 )]
2[(q20−hmX0)2(4q20 + (−hm+X0)2)]
and the effective messenger number is then given by
N
(ρ,Z)
eff =
Λ2G
Λ2S
=
2h2m2[(−hm+X0)2 + 4q20)]
[h4m4 + 2q40 − 2h3m3X0 − 2hmq20X0 + h2m2(X20 + 4q20)]
. (8.50)
The gaugino masses from the X messenger are
MXλr = T [r]R[X](
αr
4h2pi2
)
[X0f +X
2
0g]√
bµ2
(8.51)
and the sfermion contribution is calculated using
Λ2S,X = (
h4
pi2
)
[X0f +X
2
0g]
2
bµ2
. (8.52)
For the different cases one may scale (b, f, g) to (b˜, f˜ , g˜) and switch γ on or off as appropriate.
8.7 Uplifted vacuum
A recent suggestion [34] to improve the viability of SU based ISS models is to reduce the
rank of the magnetic quark matrix: Rank(ϕTϕ) = k < N . These new vacuum are higher
in energy than the ISS vacuum of full rank and are metastable with respect to decay
to the ISS vacuum. In particular, new minimal fundamental messengers (labeled ω) are
formed that are tachyonic in some range of the parameter space. Their contribution to
gaugino masses will somewhat alleviate the problem of light gauginos and heavy sfermion
(quantified by Neff ) usually found in the ISS model building literature. To stabilise 〈X〉,
deformations are added to the basic ‘SS with reduced rank’ model. In this section we use
meson multitrace operators. To stay away from these tachyonic directions it is important
that we construct a hierarchy that
m µˆ < 〈X〉 < µ Λ. (8.53)
We shall now consider applying the idea of ‘uplifting’ to our SO based ISS models. To
begin, let us first focus back to the field content of the model Eqn. (2.4) when we break
the symmetry groups with a reduced rank, except now the electric quark mass is
µ2AB =
(
µ2Ik 0
0 µˆ2INf−k
)
AB
. (8.54)
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In this case the rank k < N magnetic quark matrix will break both the SO(N)c and
SO(Nf )f . The magnetic quark matrix is (ϕ
Tϕ)Nf×Nf , in which there is a trace over the
unwritten indices. Breaking by reduced rank give constraints from the magnetic quark
matrix:
(χTχ+ ρTρ)k×k = µ2Ikk
(χTσ + ρTω)k×N−k = 0× Ik×N−k
(σTσ + ωTω)N−k×N−k = 0× IN−k×N−k. (8.55)
Using the usual VEVs, the middle condition implies that 〈σ〉 = 0. The vacuum energy
without deformations is
V = (Nf − k)|h2µˆ4| (8.56)
with X again a classically flat direction. To obtain the full rank breaking and return to an
ISS type vacuum, one would set 6
(ωTω)N−k×N−k = µˆ2IN−k×N−k. (8.57)
which is lower in energy by
∆V = (N − k)|h2µˆ4|. (8.58)
As such, this reduced rank breaking is metastable with regard to the lower minimum. We
keep the traditional (χTχ)αβ = µ
2Iαβ and find
Field SO(k)c SO(N−k)c SO(k)f SO(Nf−k)f
Φ =
(
Yk x k Z
T
k x(Nf-k)
Z(Nf-k)xk X(Nf-k)x(Nf-k)
)
NfxNf
1 1
(
1
) (
1
+ 1
)
ϕ =
(
χk x k σk x N-k
ρNf-k x k ωNf-k x N-k
)
NfxN
(
1
1
) (
1
1
) (
1 1
) (
1 1
)
The vacuum of unbroken global symmetries have the field content (χ = µI):
Field SO(N−k)c SO(k)D SO(Nf − k)f
Φ =
(
Yk x k Z
T
k x(Nf-k)
Z(Nf-k)xk X(Nf-k)x(Nf-k)
)
NfxNf
1
(
1
) (
1
+ 1
)
ϕ =
(
χk x k σk x N-k
ρNf-k x k ωNf-k x N-k
)
NfxN
(
1
1
) (
×
1
) (
1 1
)
6One should not confuse this ISS type vacuum with the ISS vacuum that has full rank breaking with the
energy V= (Nf − N)|h2µˆ4| and only (ρ, Z) fundamental messengers. In the former the gauge symmetry
that is completely Higgsed is actually SO(N − k)× SO(k).
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Here, SO(k)c is completely Higgsed and again forms part of a colour flavour locking phase.
The superpotential is
W = hTr[ϕTΦϕ]− hTr[µ2Φ] + h
2m
2
Tr[Φ2] +
h2mγ
2
Tr[Φ]2
= h[χTY χ+ ρTXρ+ χTZTρ+ ρTZχ]− hµ2TrY − hµˆ2TrX + h2mTr[ZTZ]
+ h[σTY σ + ωTZσ + σTZTω + ωTXω]
+
h2m
2
[(Tr[Y 2] + γTr[Y ]2) + (Tr[X2] + γTr[X]2)] +
h2mγ
2
TrXTrY. (8.59)
In the above we have also included the meson multi-trace deformation term [TrΦ]2 in
addition to Tr[Φ2]. The F terms are given by
F †X = h(ρ
Tρ− µˆ2I + ωTω) + h2mX(1 + γ(Nf − k)) + h
2m
2
Tr[Y ]Iγk,
F †Y = h(χ
Tχ− µ2I + σTσ) + h2mY (1 + γk) + h
2m
2
Tr[X]Iγ(Nf − k),
F †ω = h(2Zσ + 2Xω),
F †σ = h(2Y σ + 2ω
TZ). (8.60)
Minimising under the condition that 〈ω〉 = 0, the vevs are
〈ρ〉 = 〈Z〉 = 0, 〈Y 〉 = 0, 〈σ〉 = 0, 〈χ〉 = q0 (8.61)
where we have q20 = −µ2+hm2 γX(Nf−k). We now expect two separate sectors to contribute
to the one loop scalar potential in addition to the tree level potential
V (X) = Vtree + V
(ρ,Z)
1-loop + V
(ω)
1-loop. (8.62)
The (ρ, Z) sector From the uplifted superpotential we find that fermion mass matrix
is given by
mf = INf−k ⊗ Ik ⊗ 2h
(
X0 q0
q0 hm
)
(8.63)
whereas the bosonic mass matrix squared is
m2s = INf−N ⊗ IN ⊗ 4h2
q0q
∗
0 +X0X0
∗ hmq∗0 + q0X0
∗ F †X/2h 0
hmq0 + q
∗
0X0 h
2m2q0q
∗
0 0 0
FX/2h 0 q0q
∗
0 +X0X0
∗ hmq0 + q∗0X0
0 0 hmq∗0 + q0X0
∗ h2m2 + q0q∗0
 . (8.64)
They are identical to the mass matrices of the deformation by a meson field. This is as
expected because the uplifted model does not introduce any new mixing between (ρ, Z)
and the other fields. Note that now we include a tree level mass term for X. The tree
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level term is roughly of the same order as the one loop contribution. The mass matrix is
therefore given by
M2X =
h4
pi2
(
b˜µ2 +m2pi2(1 + γ(Nf − k))2 X0f˜γ +X02g˜γ
X0f˜γ +X0
2g˜γ b˜µ
2 +m2pi2(1 + γ(Nf − k))2
)
(8.65)
for the general case of µˆ 6= µ and γ 6= 0. Again we have used
b˜ =
µˆ4
12µ4
,
c˜ = − µˆ
2
48µ4
(
9µ2[1 + γ(Nf −N)] + µˆ2[2 + 3
2
γ(Nf −N)]
+6µ2[1 + γ(Nf −N)] log[4h2µ2]
)
,
f˜γ =
hmµˆ4
40µ4
− hmµˆ
2
12µ2
[1 + γ(Nf −N)] + hmµˆ
4
48µ4
γ(Nf −N),
g˜γ = − 3µˆ
4
160µ4
.
Results for the other cases can be found in the corresponding sections of 8.3. As before,
we keep the quadratic and linear terms in X. The result is
V
(ρ,Z)
1-loop (X) = b˜
h4µ2
pi2
X2 + c˜
2h5µ2m
pi2
X. (8.66)
The ω sector The reduced rank produces new messengers ω. The ω field does not mix
with the other messengers. The fermion mass is
mf = 2hX0 (8.67)
and parameterising by (ω, ω∗) we find
m2ω = INf−k ⊗ IN−k ⊗ 4h2
(
X0X0
∗ F †X
2h
FX
2h X0X0
∗
)
. (8.68)
The bosonic eigenvalues are
m2ω± = 2h
2(2X0X0
∗ ± |µˆ2 − hmX0(1 + γ(Nf − k))|). (8.69)
In order to express the contribution from the ω messenger to the full potential we make
use of the hierarchy µˆ < X0 < µ. We expand the Coleman Weinberg potential for the ω
sector and keep only the leading logarithm terms (as in [34]) ignoring terms higher than
quadratic order in X. Expanding the potential and after cancellations, we find
V
(ω)
1-loop =
h4µˆ4
8pi2
log[4h2X2]. (8.70)
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The scalar potential at one loop The full scalar potential is given by
V (X) = F 2X + kb˜
h4µ2
pi2
X2 + kc˜
2h5µ2m
pi2
X + (N − k)h
4µˆ4
8pi2
log[4h2X2] (8.71)
There are (Nf − k) copies of this potential coming from the trace on X. This plays no role
on the minimisation as it is an overal factor on both sides. F 2X is given by
F †X = −hµˆ2 + h2mX(1 + γ(Nf − k)). (8.72)
Minimising the full potential we find two stationary points for real X
X±0 =
1
4h2( 112kµˆ
4 +m2µ2pi2Γ2)
(
− 2ch3kmµˆ2 + 2mµ2µˆ2pi2Γ2 ±
√
2µˆ4
×
√
(2m2(ch3k − µ2pi2Γ)2 − h4µ2(N − k)( 1
12
kµˆ4 +m2µ2pi2Γ2))
)
, (8.73)
where we defined c = c˜µ4/µˆ2 and Γ = 1 + γ(Nf − k). One may derive simplifications for
the case γ = 0 by setting Γ = 1. We have two conditions for a stationary point to be a
minimum(
X
µ
)2
>
µˆ4(N − k)
8( 112kµˆ
4 +m2µ2pi2Γ2)
,
0 < µˆ4
(
2m2(ch3k − µ2pi2Γ)2 − h4µ2(N − k)( 1
12
kµˆ4 +m2µ2pi2Γ2)
)
(8.74)
where the second one is the reality condition of the solutions. From this we may derive a
lower bound on m which is set to be the smallest mass scale in this model. We get
m2 >
1
12h
4kµ2µˆ4(N − k)
2c2h6k2 − 4ch3kµ2pi2Γ + µ4pi2Γ2(2pi2 − h4(N − k)) . (8.75)
The above is a generalization of a similar lower bound found in [34], (referred to as GKK
from now on) but now includes the additional multitrace deformation related to γ and has
also included a tree level |X|2 term and a 1-loop linear term (proportional to c).7
As a result, we encounter a more complex expression for the lower bound in m which
requires us to also demand that the denominator of this bound on m2 is positive. We may
approximate the coefficient c ∼ 9/48µ2Γ + . . . since the term proportional to µ2 log[µ2]
does not change the general analysis. Taking h ∼ 1 we find
9k2 + 224kpi2 − 128pi2(N − 2pi2) > 0 (8.76)
in order to have a positive denominator in (8.75). For a given value of N , this constraint
puts a lower bound on the allowed values of k.
7In order to compare with the results in GKK the parameter  defined by the latter is related to our
mass scale m via m = µˆ and µi, i = 1, 2 in the GKK notation corresponds to our µ, µˆ. Finally the field Z
in GKK is our field X.
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Using these approximations and the condition on m2 we get(
X
µ
)2
>
3(N − k)
2(k + J)
(8.77)
with
J =
128pi2(h4k(N − k))
(9k2 + 224kpi2 − 128pi2(N − 2pi2)) . (8.78)
The lower bound in eq(8.77) is an extension of the simpler expression, namely (N − k)/k,
given by GKK. It is interesting that this lower bound on the vev of X is independent of γ
(though the lower bound on m does depend on both these parameters).
Due to the hierarchy condition we must also demand that
3(N − k)
2(k + J)
< 1. (8.79)
As such there will be constraints on the allowed values of k for a given N in which all
bounds are satisfied in the same spirit as those found in GKK. It is not difficult to find
values of N, k that satisfy this.
Let us discuss the scaling behaviour of the vev. Since we have c ∼ µ2 we see that
m & µˆ2/µ. From this we find that the vev of X generally scales as
〈X〉 ∼ µ. (8.80)
Using the tree level part of the full scalar potential we may approximate the SUSY restored
vacuum of this model and get
〈X〉SUSY ∼ µˆ
2
m
. (8.81)
The difference between the two vacua of the theory is ∆X ∼ µ. Hence, we find for the
bounce action
S ∼ (∆X)
4
∆V
∼ µ
4
µˆ4
(8.82)
which is parametrically large as required. The minimum of full rank arises when ωTω = µˆ2.
Again the bounce action scales as S ∼ (∆X)4∆V ∼ µ
4
µˆ4
and tunneling is suppressed. The main
results of GKK are therefore reproduced in our SO based ISS model even if we include the
additonal meson deformation Tr[Φ2] in the superpotential.
8.8 Gaugino and sfermion masses from the uplifted model
The gaugino masses are
Mλr =
αrh
2m[µˆ2 + hm(−1 + γ(k −Nf )X0)]
4pi[µ2 − hmX0] . (8.83)
The sfermion masses contribution arises from
Λ2S =
h2[h4m4+2µ4−2h3m3X0−2hmµ2X0+h2m2(4µ2+X02)][FX0/h]2
2[µ2−hmX0]2[4µ2+(−hm+X0)2)] . (8.84)
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Finally the effective messenger number is
N
(ρ,Z)
eff =
2h2m2[4µ2 + (−hm+X0)2]
h4m4 + 2µ4 − 2h3m3X0 − 2hmµ2X0 + h2m2[4µ2 +X02]
(8.85)
A novel feature of the uplifted model is that a new messenger is naturally introduced.
The fundamental ω may be a messenger when embedding into SO(Nf −k)f and is the sole
messenger if one attempted to embed into into SO(N −k)c ! The contributions to gaugino
and sfermion masses can be easily determined from Appendix A:
Mωλr = T(r)R[ω](
αr
4pi
)
FX
〈X〉 . (8.86)
m2
f˜
= 2
∑
r
Cr
f˜
(
αr
4pi
)2T(r)R[ω]Λ2S (8.87)
where
Λ2S =
|FX |2
| 〈X〉 |2 . (8.88)
These are valid when the off diagonal terms are smaller than the diagonal terms of the X
mass matrix.
The gaugino masses from the X messenger are
MXλr = T [r]R[X](
αr
4h2pi2
)
〈X〉 f˜γ + 〈X〉2 g˜γ ]√
b˜µ2 +m2pi2(1 + γ(Nf − k))2
(8.89)
the sfermion contribution is calculated using
Λ2S,X = (
h4
pi2
)
[〈X〉 f˜γ + 〈X〉2 g˜γ ]2
b˜µ2 +m2pi2(1 + γ(Nf − k))2
. (8.90)
8.9 Beta function contributions to the visible sector
When we embed SO(Nf − k) = SO(10), the additional contributions to beta functions are
δb2,3(µR < 2hq0) = −12 δb2,3(2hq0 < µR < Λ) = −12− (k +N) δb2,3(µR > Λ) = −Nc
(8.91)
where 2hq0 is approximately the mass of the fundamental messenger fields. For the em-
bedding of SO(k)f = SO(10) The contributions to the beta functions are
δb2,3(µR < 2hq0) = 0 δb2,3(2hq0 < µR < Λ) = −12− (k +N) δb2,3(µR > Λ) = −Nc.
(8.92)
We may also attempt a new embedding in which the remaining unhiggsed gauge symmetry
is associated with SO(10), such that SO(N −k)c = SO(10). The contributions to the beta
functions are
δb2,3(µR < 2hq0) = 0 δb2,3(2hq0 < µR < Λ) = −Nf δb2,3(µR > Λ) = −Nf . (8.93)
This new embedding is very different to the first two as in this case there is a new a single
fundamental messenger ω which has a different representation to (ρ, Z) in the remaining
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unhiggsed gauge group SO(N − k)c. We would like N > k = 10 and Nf > k when
embedding into SO(k)D = SO(10). Taking N = 11 as the minimum for N we would need
Nf > 27 and Nc > 21 to satisfy the UV and IR free conditions. The other condition is
more flexible with an extra variable in SO(Nf − k).
9. Extending ISS?
There is one specific challenge to general gauge mediation and specifically ISS models
and that is the solution to the µ/Bµ problem (see for instance [35]). ISS models build
upon Seiberg duality, whereby each of the dual descriptions have the same degrees of
freedom. Direct couplings between a hidden sector and the visible standard model would
mean introducing the standard model matter as singlets of the macroscopic hidden sector.
These extra degrees of freedom would generally destroy the Seiberg duality of the original
macroscopic and microscopic ISS descriptions. Further motivation for direct couplings
come from the exotic hidden sector matter; one would like decay channels into lighter
visible sector fields. If we accept that there must be direct couplings between the hidden
sector and visible standard model fields then we are motivated to using dual pairs to
describe supersymmetry breaking see for instance [36, 37]. These are Seiberg dual models
whereby there are two local gauge symmetries in each of the macroscopic and microscopic
descriptions. One can then interpret one of the local symmetries as hidden and the other
one as visible. The result would be a Seiberg dual description of the whole standard model
GUT parent and the hidden sector. Much of the lessons of ISS models would carry through;
SUSY breaking by rank condition in the macroscopic picture and a SUSY restored minimum
due to the non-perturbative superpotential, relatively light fields from the pseudo-modulus
and dynamical generation of messengers with gaugino mass contributions from R-symmetry
breaking deformations. This is also a more natural setting in which to introduce 16plet
spinors, which would aid in completing the unification. Of course the biggest challenge
to this is that one of the duals in each pair is always a strongly coupled gauge group and
would make the gaugino and sfermion contributions incalculable. A parallel approach to
duality and unification has been discussed in [5].
10. Conclusions
This paper is the first investigation of SUSY particle phenomenology based on an SO(N)
N = 1 SQCD ISS model. In the many models that have already been investigated in the
literature, based N = 1 SU(N) SQCD ISS, it was natural to consider weakly gauging a
flavour group to SU(5) as a standard model GUT. We have extended this to SO(10). We
studied two kinds of ‘minimal’ SO(10) embeddings by identifying the unbroken flavour
symmetries with SO(10), however one may consider larger global symmetries in which
SO(10) is just a subgroup. The existence of a metastable susy breaking minima, the
conditions for it to be long lived, as well as the basic features of the sparticle spectrum
describing heavier sfermions and lighter gauginos are similar to those found in the SU
models studied. One of the striking differences however, is the larger number of hidden
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sector multiplets charged with respect to the standard model. In terms of the SU(5)
decomposition of SO(10), the pseudo-modulus field has an extra 15 and 1¯5 in addition to
the 24 counterpart of the SU(5) ISS models. This presents us with a possible window to
distinguish various ISS models in experiment and to ascertain the unifying GUT group at
much lower energies than MGUT .
There have been many suggestions in the literature to improve and make viable the
basic ‘vanilla’ ISS models based on SU flavour groups. In particular an R-symmetry pre-
vents gaugino masses in pure ISS. This R-symmetry may be broken explicitly or sponta-
neously. In SO models one is forced to consider explicit rather than spontaneous breaking
of R-symmetry. We systematically investigated the deformations suggested in the SU lit-
erature, that of baryonic deformations of magnetic quarks [13], the KOO deformation [2]
and multitrace operators of magnetic quarks and the magnetic meson [32]. We extended
the multitrace meson deformation by looking at reducing the rank k < N of the magnetic
squark matrices of supersymmetry breaking. This can help make ISS models more viable
by generating a vev for the X meson field at tree level by destabilizing the origin; so called
‘uplifted vacuum’[34]. We highlight that the particular suggestion of baryonic deformations
of magnetic quarks by contraction of SO(N)D indices play no role in generating gaugino
masses and is quite different than that of the SU case explored in [13]. We also make
clear that not only do the ISS models have the standard fundamental messengers, they
also have messenger contributions from the X pseudo-modulus field and its contributions
are calculated due to the techniques outlined in Appendix A.
Our work can be extended in various ways. In particular one may want to extract a
detailed picture of the phenomenology of SO(10) ISS models such as have been carried
out for a particular SU deformation in [26]. One may look at embedding SO(10) into
a subgroup of a larger rank SO flavour symmetry as has been done for the SU(5) case
[10]. A systematic study of symplectic type ISS models is also warranted. Supergravity
extensions of this model and at finite temperature have only been explored in the SU(N)
case [38, 39, 40, 41, 42]. It has also been popular to discuss string and Brane constructions
that realise the SU(N) ISS setup [43, 44, 45, 46, 47, 48].
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Figure 1: Gaugino mass at one loop.
A. SO(10) example of “General Gauge Mediation”
We give a brief review the techniques of “General Gauge Mediation” [6]. In particular
this section generalises, to adjoint representation, the results obtained for fundamental
messengers in Appendix B of [49]. Further literature can be found in [50, 51, 52]. The
gauge current superfield
J =J+iθαjα+iθ¯α˙jα˙−θασµαα˙θ¯α˙jµ+ 1
2
θαθ
αθ¯α˙σ¯µα˙α∂µj
α− 1
2
θ¯α˙θ¯α˙θ
ασ¯µαα˙∂µj¯
α˙− 1
4
θαθ
αθ¯α˙θ¯α˙J
(A.1)
is a real linear superfield defined by current conservation
D¯2J = D2J = 0. (A.2)
One can derive each component of the current multiplet by looking at the kinetic terms that
couple the chiral superfields to the gauge vector supermultiplet. Two parts are necessary
to generate these currents, the vector super field in Wess Zumino gauge
V WZij = V
aT aij = θσ
µθ¯Aµ + θθθ¯λ¯+ θ¯θ¯θλ+
1
2
θθθ¯θ¯D. (A.3)
and the full chiral multiplet
Φ(x) = φ(x)− iθσµθ¯∂µφ(x)− 1
4
θ2θ¯2∂2φ(x)+
√
2θψ(x)+
i√
2
θ2∂µψ(x)σ
µθ¯+θ2F (x). (A.4)
Once one has the gauge current supermultiplet, one may then take two point functions
of the component currents. These two point functions are related to the soft terms for
sfermions and gauginos. For example to calculate the gaugino contribution one first looks
at the fermionic current of the gauge current supermultiplet. In general this has the form
jAα (x) = −i
√
2(φ∗TAψ(x)− φ˜∗TAψ˜(x)). (A.5)
The scalar and fermionic fields in this three vertex source term are the interaction eigen-
states of the messengers, whose external legs are gauginos λ, which have been amputated,
but whose generators TA are still part of the source. The gauge index A runs from 1 to
the dimension of the gauge group. The tilde represents the possibility of opposite charge
conjugation of the field. The two point function is
〈jAα (x)jBβ (0)〉 = αβ
T (r)δAB
x5
B1/2(x
2M2) (A.6)
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Figure 2: One loop gaugino masses from the symmetric X messenger field.
where M is a characteristic mass scale of the theory and B1/2 is a complex function.
T(r)δAB = Tr[TATB], with T(r) the Dinkin index of the messenger field. One can apply a
Fourier transformation,
MB˜1/2(p
2/M) =
∫
d4xeip.x
1
x5
B1/2(x
2M2) (A.7)
to obtain
〈jAα (p)jBβ (−p)〉 = αβMT (r)δABB˜1/2(p2/M). (A.8)
The gaugino mass is given by
Mλr = g
2
rMT (r)B˜1/2(0) (A.9)
gr, with the gauge index r. We have removed the δ
AB on both sides for clarity. Ward
identities are used to contract fields in the two point function where
〈φ(x)mφ(0)m〉 = D(x,m) =
∫
d4p
(4pi)4
ieip.x
p2 −m2 . (A.10)
Similar expressions for the sfermion contributions may be found in [6].
Now we demonstrate the utility for the the case of SO(10) for a symmetric representa-
tion field. These results would be similarly obtained in SU(5) for the adjoint representation
field and other high representations. We start with the lagrangian
L =
∫
d4θ(X†X +X†{V,X}) =
∫
d4θ(X†X + 2X†ijVjkXki). (A.11)
The gauge field is in the antisymmetric (adjoint) and X is in the symmetric representation
of SO(10). We can amputate the gauge fields (DA, λA, λ¯A, AAµ ) and leave the generators
as part of the source currents. We will label the chiral multiplet as X = (φX , ψ, FX). We
obtain
JA =(φ†XijT
A
jkφXki),
jAα =− i
√
2(φ†XijT
A
jkψki),
j¯Aα˙ =i
√
2(ψ¯ijT
A
jkφXki),
jAµ =i(∂µφ
†
XijT
A
jkφXki − φ†XijTAjk∂µφXki)− ψ¯ijσµTAjkψki. (A.12)
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We add, to the kinetic Lagrangian, a mass matrix for the complex scalar X field:
M2s =
(
φ†XφX
)( a b
b a
)(
φX
φ†X
)
(A.13)
We diagonalise the matrix to find the two real eigenvalues and their mass eigenstates,
φ+ =
1√
2
(φX + φ
†
X) iφ− =
1√
2
(φX − φ†X). (A.14)
In terms of the interaction eigenstates these are,
φX =
1√
2
(φ+ + iφ−) φ
†
X =
1√
2
(φ+ − iφ−). (A.15)
The masses are
M2± = a± b Mψ =
√
a. (A.16)
We can rewrite the fermionic source which will couple to the gauginos, in terms of mass
eigenstates
jAα = −(φ− + iφ+)TAψXα (A.17)
Taking the two point function and using Ward identities we find,
〈jAα jBβ 〉 = T (r)δAB 〈ψXαψXβ〉 [〈φ−φ−〉+ (i)2 〈φ+φ+〉]. (A.18)
In particular
〈ψXα(x)ψXβ(0)〉 = αβMψXD(x,MψX ). (A.19)
We may substitute the propagators and evaluate,
MXλr = 2MψXg
2
rR[X]T (r)(D(x;mX+)−D(x;mX−))D(x;MψX )
= 2MψXg
2
rR[X]T (r)
∫
d4k
(2pi)4
(
1
k2 +m2X+
− 1
k2 +m2X−
)
1
k2 +M2ψX
. (A.20)
The resulting gaugino masses are
Mλr = T (r)R[X]
αr
4pi
b√
a
× 2g(x) (A.21)
where x = b/a and
g(x) =
(1− x)Log(1− x) + (1 + x)Log(1 + x)
x2
. (A.22)
Similar reasoning results in an expression for the sfermions
m2
f˜
= 2
∑
r
Cr
f˜
(
αr
4pi
)2T(r)R[X]Λ2S (A.23)
Λ2S =
b2
a
f(x) (A.24)
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where
f(x) =
1 + x
x2
[ln(1 + x)− 2Li2(x/[1 + x]) + 1
2
Li2(2x/[1 + x])] + (x→ −x). (A.25)
αr is the gauge coupling at the messenger scale and C
r
f˜
denotes the quadratic Casimir
of the irrep f˜ of the gauge group labeled r. R[X] is the rank of the representation of the
X field.
For the fundamental messengers the calculation is analogous. In the SU(N) there is a
fundamental (φi) and antifundamental (φ˜i) messenger. For SO(N) the real and imaginary
components of the fundamental messenger play these roles. The source for fundamental
messenger fields (ρ, Z) are computed using
JA =(φ†iT
Aφi)
jAα =− i
√
2(φ†iT
Aψi)
j¯Aα˙ =i
√
2(ψ¯iT
Aφi)
jAµ =i(∂µφ
†
iT
A
i φi − φ†iTA∂µφi)− ψ¯iσµTAψi (A.26)
The label i is a flavour index. The resulting gaugino and sfermions formulas are the same
as the SU(N) case [49].
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B. Viability of the second susy broken vacuum?
Small mention has been made of the viability of the second susy broken vacuum in the
literature. We find it interesting to explore, as at least naively, the possibility of living in
these new vacuum would remove (or at least reduce) the tension between the R-symmetry
breaking terms need for gaugino masses and the metastability of the ISS vacuum. In
this discussion we start with a macroscopic SU(N) × SU(N)f × SU(Nf − N)f . The
SU(N)×SU(N)f global symmetry group becomes SU(N)D after use of the rank condition.
We choose to embed in the SU(Nf −N)f global symmetry group. The field content is
Field SU(N)D SU(Nf −N)f
Φ =
(
YNxN ZNx(Nf -N)
Z˜(Nf -N)xN X(Nf -N)x(Nf -N)
)
NfxNf
(
Adj + 1 ¯
1
) (
1
¯ Adj + 1
)
ϕ =
(
χN×N
ρNf−N×N
)
NfxN
(
Adj + 1
) (
1
¯
)
ϕ˜ =
(
χ˜N×N
ρ˜N×Nf−N
)
NxNf
(
Adj + 1
¯
) (
1
)
We will embed into the SU(Nf − N). We will make Nf − N = 6 and N = 1. With
N = Nf − Nc we find Nf = 7 and Nc = 6. We use a canonical Ka¨hler potential and the
superpotential has an explicit R-symmetry breaking term:
W = hTr[χ˜Y χ+ ρ˜Xρ+ χ˜Zρ+ ρ˜Z˜χ− µ2Y − µˆ2X + h2mzZ˜Z]. (B.1)
Generically there are two minima. The ISS minima is parameterised by
ρ˜ρ = 0 χ˜χ = µ2IN Z˜ = Z = 0 Y = 0. (B.2)
X is a pseudo-modulus. However the explicit R-symmetry breaking term generates n new
minima at
χsαχ
s
β = µ
2IN
ρsaρ
s
b =
h2m2z
µ2
ZZ = diag(µˆ2...µˆ2, 0...0)Nf−N
Xab = − µ
2
mz
diag(1...1, xˆ...xˆ)Nf−N (B.3)
Yαβ = −( µˆ
2
mz
)IN
Vlow = (Nf −N − n)|hµ2|2
where n runs from 1 to N . In this new minima the remaining (Nf −N −n) components of
Xab are pseudo-moduli, xˆ. This is easy to see as, in the scalar potential, the X field only
appears in the term V ⊃ |... + Xρ|2. When ρ is zero X is necessarily a moduli. First we
note that the FX terms of this new vacuum are
FX = Diag(0,−hµˆ2, ...,−hµˆ2)Nf−N . (B.4)
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Generalisations of the wavefunction renormalisation technique, in the regime that the
F -term of the pseudo-modulus is smaller than the messenger scale, give analytic expressions
for the gaugino and sfermion masses [24]. For the gauginos
mr =
αr
4pi
ΛG =
αr
4pi
FX
∑
i
∂XMi
Mi
(B.5)
where Mi are the eigenvalues of the fermion mass matrix. We now see why the embedding
of SU(5) into the whole of SU(Nf −N) would have been an issue for this vacuum. Also
we cannot simply take out a tensor product of I5 as the X11 component gets a vev at tree
level and the other Xii are pseudo-moduli. Instead if we embed SU(Nf −N) = SU(6), we
can choose to rewrite the original model in a form which makes explicit the field content
under this new embedding group:
Field SU(N)D SU(Nf − 2N)f
Φ=
 TNxN S˜NxN M˜Nx(Nf -2N)SNxN YNxN Z˜Nx(Nf -2N)
M(Nf -2N)xN Z(Nf -2N)xN X(Nf -2N)x(Nf -2N)

Adj+1 Adj+1 ¯Adj+1 Adj+1 ¯
1

 1 11 1
¯ ¯ Adj+1

ϕ =
 σNxNχNx N
ρ(Nf -2N) xN

NfxN
Adj + 1Adj + 1

 11
¯

ϕ˜ =
 σ˜N x Nχ˜N x N
ρ˜NxNf -2N

NxNf
Adj + 1Adj + 1
¯

 11

As the second vacuum explicitly breaks the SU(Nf −N) gauge symmetry to
SU(Nf − N − n), we choose to gauge the SU(Nf − N − n) to SU(5). This is viable.
One must however, add another meson deformation δW = h2MmTr[M˜M ]. We choose to
parameterise the fermion mass matrix with the messengers (ρ, Z,M) and find
mf = I5 ⊗
 hx hµ h 〈σ〉hµ h2mz 0
h 〈σ〉 0 h2mm
 . (B.6)
The determinant of this matrix is non zero and gaugino masses can be generated. This
type of operator is natural from a multitrace meson deformation. This vacuum may be
useful when exploring the types of model outlined in [10].
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